The regulation of expression of type II deiodinase (D2) is a critical mechanism to maintain appropriate intracellular concentrations of tri-iodothyronine in selected tissues. One of the major regulators of D2 concentrations is cAMP, which potently increases human type II deiodinase (hD2) gene transcription in some tissues via a conserved cAMP response element (CRE) located in the promoter region. In addition, the regulatory region of the hD2 gene contains several TATA box/transcription start site (TSS) units, suggesting the presence of different transcripts that might be characterised by different biological properties. However, it is still unclear whether one ore more TATA box/TSS units are needed in response to cAMP or to other signals able to modulate hD2 transcription. In this study we have analysed the ability of cAMP to regulate hD2 in JEG3 cells, a human choriocarcinoma cell line highly responsive to cAMP. Transient transfection assays of different hD2 gene promoter constructs revealed that cAMP induces transcription starting from the most 58 TSS, located about 80 nucleotides from the CRE. RT-PCR studies have revealed that cAMP activates the expression of a long-lived transcript in JEG3 cells. Site-directed mutagenesis and deletion analysis of promoter constructs have shown that a single CRE/TATA box/TSS unit is needed to confer responsiveness to cAMP. By using chromatin immunoprecipitation studies, we have also demonstrated that the response to cAMP involves the binding of transcription factor CRE binding protein (CREB) to the CRE located in the hD2 promoter. In summary, in JEG3 cells cAMP induces transcription of a long-lived hD2 RNA via CREB and a single CRE/TATA box/TSS unit. This study provides new insights to the regulation of expression of hD2 in placenta.
Introduction
Type II deiodinase (D2) is a selenoenzyme that catalyses the monodeiodination of thyroxine (T 4 ) or of reverse tri-iodothyronine (T 3 ). Its expression and activity appear to be more relevant in some tissues, such as brain, brown adipose tissue, muscle, heart and placenta. In these tissues, in which the maintenance of appropriate concentrations of T 3 is critical, D2 seems to play a major part by readily changing the intracellular production of T 3 from T 4 . For this reason, the expression of D2 needs to be regulated by mechanisms able to increase or decrease the protein concentrations promptly, in response to cellular needs. Evidence has been reported showing that cAMP is one of the major regulators of D2 expression in human, mouse and rat tissues (Bianco et al. 2002) . The effect of cAMP seems to be cell-type specific, as cAMP agonists have only a modest effect on D2 gene transcription in pituitary tumour cells (Kim et al. 1998) . In addition to cAMP, human type II deiodinase (hD2) RNA levels are regulated by other signals and factors, including T 3 , dexamethasone (Kim et al. 1998) , the protein kinase C activator TPA (Imai et al. 2001) , and the thyroid transcription factor 1 (Gereben et al. 2001) . We and others (Bartha et al. 2000 , Canettieri et al. 2000 have described the molecular basis of the effect of cAMP on hD2 gene transcription, showing that its 5 flanking region contains a functional cAMP response element (CRE), which accounts for the significant transcriptional response to cAMP in human embryonic kidney and in thyroid cells. In addition to the CRE, the 5 flanking region of the hD2 gene contains several transcription start sites (TSSs) and a 300 nt sequence that can be either expressed or spliced out (Bartha et al. 2000 , Canettieri et al. 2000 . Using RNA from human placenta, we identified two major TSSs associated with a putative atypical TATA motif (TTTAAAA). Bartha et al. (2000) identified different TSSs in human thyroid located either upstream or downstream of those in placenta, and a canonical TATA box (TATAAA) located 26 nt from the most 5 TSS. The existence of several TATA box/TSS units suggests the presence of different hD2 transcripts that might be characterised by different biological properties. However, it remains unclear whether one or more TATA box/TSS units are needed in response to cAMP or to different signals, able to modulate hD2 transcription.
In this study we have analysed the mechanism by which cAMP regulates hD2 mRNA levels in JEG3 cells, a placenta-derived cell line highly responsive to cAMP treatment.
Materials and methods

Plasmid construction and site-directed mutagenesis
The full-length hD2-luc ( 1274), hD2-luc ( 1270) mut, hD2-luc ( 560), pSVOALD5 (named in this paper WT, CRE, M4 and empty, respectively) and Zeo A-CRE binding protein (CREB) plasmids have been described previously (Canettieri et al. 2000) . The M3 construct was obtained by PCR, using as template the full-length hD2 promoter WT plasmid, together with forward and reverse primers, which both contained a 5 HindIII adapter sequence. The following primers were used for PCR:
Forward: 5 -CCCAAGCTTCTCGAGAATGC TGGGATGGTA-3 Reverse: 5 -CCCAAGCTTAGATCTTGCTAT CTGTCTGTGGTGCA-3 .
The resulting PCR products were digested and cloned into the HindIII site of the pSVOALD5 plasmid. To perform site-directed mutagenesis, the QuikChange Site-Directed Mutagenesis Kit (Invitrogen) was used, according to the manufacturer's instructions. WT plasmid was used as a template with the following primers: 5 -CAGGGAATGCA GACAAGGCGTCAG-3 and its complementary primer, to obtain the M1 construct, and 5 -CCTTAAAGCACGTCAGAAAAAAAAAAAAC-3 and its complementary construct, to obtain the M2 construct. The correct sequence of these mutant plasmids was confirmed by DNA sequencing.
Cell culture, transient transfections and luciferase assays JEG3 cells, a human choriocarcinoma cell line, were cultured in Minimum Essential Medium (MEM) supplemented with 10% fetal bovine serum and 1% -glutamine. The day before transfection 200 000 cells/well were seeded in six-well plates and grown overnight. For transfection, cells were incubated overnight in OPTIMEM (Invitrogen) with 0·5 µg luciferase reporter plasmid, 0·5 µg Zeo A-CREB expression vector where indicated and 5 µl lipofectamine/well (Invitrogen). Plasmid CMV -gal (100 ng/well), which expresses -galactosidase under the control of the CMV promoter, was used in all transfections to normalise the luciferase activity. The empty expression vector, Rc/RSV (Invitrogen), was used to maintain a total of 1 µg plasmid DNA. The day after transfection, cells were incubated for 4 h in DMEM containing 0·1% BSA and 10 µM forskolin or control dimethylsulphoxide (DMSO) vehicle. After transfection, the cells were lysed in 0·5% Triton X-100, 0·25 M Tris (pH 8), and luciferase activity was measured in a Packard luminometer. Results are expressed as luciferase: -galactosidase activity ratio, absolute or relative to the empty promoterless vector, and represent the mean S.D. of three independent experiments, each performed in triplicate.
RNA isolation, RT-PCR and Northern blot
JEG3 cells were grown in 100 mm dishes until they reached 70-80% confluence, and 10 µM forskolin was added for the times indicated. Total RNA was isolated with RNeasy mini Kit (Qiagen) according to the manufacturer's instructions. Reverse transcription was performed with 1 µg total RNA using Superscript II (Invitrogen) and random hexamers. The sequence of the primers used for PCR (shown in Fig. 2B ) was the following:
A: 5 -GCAGAGAGAGGCACTTTGCAC-3 B: 5 -GCAATTCAAGAAAGAAACAGGC-3 . Primers C and D were as described elsewhere (LP5 and LP3 ) (Celi et al. 1998) . For -actin, the following primers were used:
Forward: 5 -CTACAATGAGCTGCGTGT GG-3
Reverse: 5 -CGGTGAGGATCTTCATGAGG-3 .
Quantitative PCR was performed as described elsewhere (Mayr et al. 2001) , using primers specific for hD2 (primers C and D) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Northern blot was performed as described previously (Canettieri et al. 2000) using 20 µg total RNA from control and forskolin-treated JEG3 cells.
Chromatin immunoprecipitation
Chromatin immunoprecipitation was performed as described previously (Canettieri et al. 2003) . Briefly, cells were incubated with 1% formaldeyde for 20 min at room temperature to crosslink proteins to DNA. After crosslinking, cells were lysed (3% sarkosyl, 5 mM EDTA, 50 mM Tris-HCl, pH 8·1, plus protease inhibitors) and sonicated to reduce the genomic DNA into small fragments (400-600 bp). The lysates were pre-cleared with protein A -agarose and non-specific antibodies for 2 h at 4 C. After pre-clearing, the lysates were incubated overnight at 4 C with a rabbit polyclonal CREB antiserum (kindly provided by Dr Marc Montminy) or, as a negative control, with normal rabbit IgG (Santa Cruz). At the end of the incubation, the immunocomplexes were washed extensively and eluted, the crosslinking was reversed and the DNA purified, precipitated and resuspended in Tris-EDTA.
The primers used to amplify the hD2 CRE promoter region were the following:
Forward: 5 -GCTTTTCTATTCACTGCAAT CCTGGC-3
Reverse: 5 -GTGCTTCTCTTTCTCCCAGT CTCAC-3 .
Results
Regulation of the hD2 gene by cAMP via CRE/CREB in JEG3 cells
The hD2 promoter contains a CRE that imparts a significant response to cAMP agonists in human thyroid (Bartha et al. 2000) and embryonic kidney cells (Canettieri et al. 2000) .
Human choriocarcinoma JEG3 cells represent a suitable model with which to study cAMP regulation of the hD2 gene, as its expression is highly induced by cAMP. Indeed, as shown in Fig. 1A and B, Northern blot experiments and Taqman quantitative PCR showed that treatment of JEG3 cells with 10 µM forskolin induced a robust, 15-fold increase in a 7 kb transcript, representing the full-length hD2 mRNA. In addition, two smaller transcripts were also detected, probably representing truncated isoforms (Salvatore et al. 1996) .
To determine whether the hD2 gene is induced via CRE/CREB in JEG3 cells also, we performed transient transfection studies of promoter constructs. Stimulation of cells transfected with the full length hD2 promoter construct (WT) by 10 µM forskolin led to a significant, threefold, increase in luciferase activity, but had no effect on cells transfected with a construct harbouring a 4 nt deletion of the CRE site ( CRE) (Fig. 1C) . Consistent with the notion that CREB is the main transcription factor involved in the response to cAMP, transfection of the dominant negative peptide A-CREB completely abolished the effect of forskolin on the WT construct (Fig. 1C) .
In our previous study on embryonic kidney cells (HEK293), using an electrophoretic mobility shift assay, we demonstrated the ability of the hD2 CRE to bind CREB in vitro (Canettieri et al. 2000) . A more sensitive approach to determine if a transcription factor is actually bound to the DNA in vivo is the chromatin immunoprecipitation assay. In this novel technique, the endogenous DNA/protein complexes are immunoprecipitated with antibodies raised against the transcription factor of interest and, after washings, elutions and purifications, the DNA is analysed by PCR. This procedure therefore allows detection of chromatin-bound proteins in vivo, under physiological conditions (Orlando 2000) . We used chromatin immunoprecipitation to examine whether CREB binds the hD2 CRE in JEG3 cells. PCR amplification of a 200 nt region flanking the hD2 CRE was evident only after immunoprecipitation with the specific CREB antiserum, but not with normal rabbit IgG (Fig. 1D) , thus demonstrating that CREB binds specifically the hD2 CRE in vivo. No amplification was detected when PCR was performed using primers complementary to the promoter region of the human GAPDH gene (not shown). Cells were crosslinked with formaldehyde, lysed and immunoprecipitated with a rabbit polyclonal CREB or normal rabbit antisera for several hours. After immunoprecipitation and extensive washings, the DNA/protein crosslinking was reversed and the DNA extracted. PCR was performed using primers specific for hD2 promoter. FSK, forskolin; RLU, relative light units.
Analysis of the cAMP-induced transcriptional start site
Several transcriptional start sites have been detected in the 5 flanking region of the hD2 gene. In particular, in thyroid cells a major TSS (TSS1) has been mapped about 80 nt from the CRE, whereas in a primary culture of human trophoblasts, two major start sites of transcription (TSS2), located about 300 nt from the CRE ( Fig. 2A) have been identified.
To analyse the TSS in JEG3 cells upon stimulation with cAMP agonists, we performed RT-PCR studies (Fig. 2B) . A clear 1·2 kb band was detectable when a primer starting from the TSS1 was used in forskolin-treated JEG3 cells (lanes A-D). As the expected size of the amplicon in the presence of the 300 nt intron is 1·5 kb, we concluded that cAMP induces a transcript that starts from TSS1 and does not express the 300 nt intron. As expected, the regions starting from the second start site TSS2, in addition to the region encompassing the coding region, were amplified in forskolin-treated JEG3 cells (lanes B-D and C-D). Identical results were obtained by amplifying cDNAs from primary culture of human placenta.
Functional characterisation of the TATA element associated with the CRE
The hD2 5 flanking region possesses at least two potential CRE-related TATA boxes (Fig. 2A) . The first one, named TATA1, is located 26 nt from the TSS1 and the second one (TATA2) is located about 20 bp from the TSS2. To analyse the actual functionality of the two putative TATA elements in response to the cAMP agonist, we performed site-directed mutagenesis, followed by transient transfection analysis (Fig. 3) . Mutagenesis of the TATA1, as in the M1 construct, almost completely abolished the response to cAMP. In contrast, the mutagenesis of the TATA2 motif, as in the M2 construct, had no effect on either the basal and/or the cAMP-stimulated promoter construct, indicating that the functional CRE-related TATA box in this cell line is TATA1. To determine whether the region containing only the CRE/TATA1/TSS1 unit is sufficient to direct basal and cAMP-induced transcription of the hD2 gene in JEG3 cells, we transfected a construct from which the region downstream of the TSS1 was deleted (M3). Luciferase activity of either basal and forskolinstimulated cells was comparable to the full-length WT construct, indicating that the complex TSS1/TATA1 is fully competent to drive basal and cAMP-induced transcription of the hD2 gene. However, a construct from which the CRE/TSS1/ TATA1 region was deleted (M4) still retained some transcriptional activity compared with the empty vector, suggesting a potential role also for this region in regulating hD2 transcription.
cAMP induces transcription of a long-lived hD2 RNA
To analyse the stability of the cAMP-induced transcript in JEG3 cells, we performed RT-PCR studies. Consistent with our previous findings, the hD2 RNA was not detectable in untreated cells, but was strongly induced after 2 h of forskolin treatment (Fig. 4A) . The signal remained increased during the following 4 h and 6 h, and declined progressively after 12 h and 24 h, suggesting a half-life of about 12 h. To determine whether the amount of transcript detected was related to de novo synthesis of RNA or to post-transcriptional mechanisms, we incubated forskolin-treated JEG3 cells with the RNA polymerase II inhibitor, actinomycin D. Incubation of cells for 3, 6, 12 and 24 h did not change the expression profile observed in the absence of actinomycin D. This suggests that the levels of RNA detected from 3 h of cAMP treatment are not related to transcriptional events.
Discussion
The biological activity of hD2 in different tissues is tightly regulated by pre-and post-translational mechanisms (Bianco et al. 2002) . In this report we have analysed the ability of cAMP to regulate hD2 mRNA levels in JEG3 cells, a choriocarcinoma cell line highly responsive to cAMP. We have demonstrated that the CRE/TATA1/TSS1 complex is solely responsible for the expression of a long-lived transcript in response to cAMP treatment. We have also shown for the first time that CREB binds the hD2 promoter in vivo, under physiological conditions, and activates transcription in response to cAMP. In our previous report we identified two major transcriptional start sites and, nearby, a putative TATA box (TTTAAAA). This atypical TATA element is frequently found in cAMP-driven promoters (i.e. somatostatin and thyrosine hydroxylase promoters), although the functional significance of these sequences has not been addressed (Montminy 1997) . Bartha et al. (2000) found additional TATA element/TSS complexes in the 5 flanking region. One of these complexes (TATA1/TSS1) is located at less than 100 bp from the CRE. It has previously been reported that a CRE confers its greatest inducibility when located less than 100 bp from the TATA box, being less active at major distances (Montminy 1997) . According to this notion, in this report we have demonstrated that the mutagenesis of the most 5 TATA box (TATA1) disrupts both basal and cAMP-stimulated transcription of hD2 promoter constructs and that cAMP induces the expression of a transcript starting from the most 5 TSS. Also, this TSS1/TATA1 unit is solely responsible for the effect of cAMP, as deletion of the region downstream of this core promoter did not affect the cAMP response. In contrast, the mutagenesis of the TATA2 element did not change either basal or cAMP-induced transcription, indicating that this sequence is not functional, at least in this cellular model. It is likely that the presence of a pyrimidine-rich region around the TSS2 may supply the lack of functional TATA box in this core promoter (Roeder 1996) . Taken together, these data indicate that a single-unit CRE/TATA box/ TSS1 is necessary and sufficient to impart cAMP inducibility to the hD2 gene. In addition to transcriptional control, the intracellular concentrations of D2 are regulated at different levels, including mRNA processing and stability and post-translational modifications (Bianco et al. 2002) . Both the 5 and 3 untranslated regions of hD2 mRNA seem to have an important role in regulating D2 concentrations. In particular, the 5 UTR possesses several TSSs, one small intron and three different open reading frames that may affect the efficiency of translation, whereas the 3 UTR has several AU-rich elements (ARE, AUUUA) that could affect RNA stability . Our study indicates that cAMP stimulates the expression of a transcript starting from the most 5 TSS that does not contain the 300 nt intron. Interestingly, the 5 UTR starting from the TSS1 has been shown to decrease the translation efficiency of D2 protein. Therefore, cAMP seems to induce the expression of a transcript that is stable but, perhaps, with a low efficiency of translation. This finding is peculiar, because all the transcripts previously described in thyroid and other tissues (Kim et al. 1998 , Bianco et al. 2002 showed a short, 2 h half-life. A possible explanation for this observation could be that, in addition to the transcriptional control, cAMP regulates hD2 mRNA stabilisation. A similar effect of cAMP on mRNA stability has been demonstrated with several other genes, including GLUT1, GLUT5 and the glucocorticoid receptor (Dong et al. 1989 , Cornelius et al. 1991 , Gouyon et al. 2003 . Interestingly, it has recently been shown (Adams et al. 2003 ) that cAMP prolongs the half-life of human renin mRNA by stimulating the expression of HuR and CP1, two proteins that bind AUUA motifs. As hD2 mRNA possesses 11 AUUA elements in its 3 UTR, it is possible that a similar mechanism may account for the observed prolonged half-life in cAMP-treated JEG3 cells. Different combinations of stability/translational efficiency may thus regulate intracellular D2 concentrations, depending on the stimulus and the cellular context. Further studies are needed to clarify these issues.
In summary, in JEG3 cells cAMP induces hD2 transcription via CREB. The cAMP response is entirely dependent on a single CRE/TATA box/TSS unit that allows transcription of a long-lived mRNA. This study provides new insights to understanding of the basal expression of hD2 and its regulation by physiological stimuli.
